Evidence indicates a critical role for cerebrovascular dysfunction in Alzheimer's disease (AD) pathophysiology. We have shown that fibrin(ogen), the principal blood-clotting protein, is deposited in the AD neurovasculature and interacts with beta-amyloid (Ab), resulting in increased formation of blood clots. As apolipoprotein E (ApoE), a lipid-transporting protein with three human isoforms (E2, E3, and E4), also binds to Ab, we hypothesized that ApoE and fibrin(ogen) may have a combined effect on the vascular pathophysiology in AD. We assessed whether APOE genotype differentially influences vascular fibrin(ogen) deposition in postmortem brain tissue using immunohistochemistry. An increased deposition of fibrin(ogen) was observed in AD cases compared with non-demented controls, and there was a strong correlation between cerebral amyloid angiopathy (CAA) severity and fibrin(ogen) deposition. Moreover, brains from AD cases homozygous for APOE e4 showed increased deposition of fibrin(ogen), specifically in CAA-and oligomeric Ab-positive vessels compared with AD APOE e2 and e3 allele carriers, an effect that was not directly linked to CAA severity and cerebrovascular atherosclerosis. These data further support a role for fibrin(ogen) in AD pathophysiology and link the APOE e4/e4 genotype with increased thrombosis and/or impaired fibrinolysis in the human AD brain.
INTRODUCTION
There is considerable evidence that vascular diseases, such as ischemic stroke and atherosclerosis, have an important role in dementia and late-onset Alzheimer's disease (AD). [1] [2] [3] [4] [5] Moreover, cerebrovascular dysfunction, including disruption of microvascular integrity and reduced cerebral blood flow, is often observed in AD patients. 6, 7 One proposed mechanism underlying these changes is the accumulation of the beta-amyloid (Ab) peptide in the AD vasculature, a condition known as cerebral amyloid angiopathy (CAA). 8 Cerebral amyloid angiopathy can severely disrupt the integrity of blood vessels, 9 thus predisposing the brain to hemodynamic disturbances and thrombosis. 10 Cerebral amyloid angiopathy has also been strongly associated with cognitive impairment in humans. 11 Another molecule involved in the vascular changes associated with AD pathophysiology is fibrinogen, 12 the precursor of fibrin and the principal protein component of blood clots. Elevated levels of plasma fibrinogen have been linked to cardiovascular disease, 13 as well as AD 14 and dementia. 15 Fibrinogen and fibrin (designated as fibrin(ogen)) accumulate in the AD neurovasculature 12, 16 and physically interact with Ab, 17 which affects fibrin clot formation and degradation. Fibrin clots formed in the presence of Ab show an abnormal structure and are more resistant to degradation by fibrinolytic enzymes both in vitro 18 and in vivo. 12 Moreover, depletion of fibrinogen lessens CAA pathology and reduces cognitive impairment in mouse models of AD. 12 Together, these data support a role for vascular deposition of fibrin(ogen) in AD pathophysiology.
Apolipoprotein E (APOE) genotype is a major risk factor for both late-onset AD and cardiovascular disease. 4, 19 The APOE gene encodes the lipid transporting protein ApoE, which is mostly expressed by the liver and by glial cells in the brain. 20 The three common isoforms of ApoE in humans, ApoE2, ApoE3, and ApoE4, differ by only one or two amino acids, but these differences alter their structural and functional properties 21 and thus their role in pathologic conditions. In AD, the APOE e4 allele is associated with increased progression and severity of the disease, 19 while the APOE e2 allele may be protective. 22 The mechanisms behind the effect of ApoE in AD pathophysiology remain to be fully elucidated, but a substantial body of evidence has implied an important role for ApoE in Ab metabolism. ApoE can physically interact with Ab in vitro 23 and in vivo. 24 This interaction is isoform specific, 23 which may explain the different effects of the three isoforms on Ab clearance and deposition in the brain parenchyma and neurovasculature. [25] [26] [27] Although the APOE e4 allele is associated with increased arteriolar and capillary CAA, [25] [26] [27] little is known about how the different APOE genotypes affect other factors involved in vascular pathophysiology in AD.
In the present study, we assessed whether APOE genotype differentially affects vascular fibrin(ogen) deposition in the brains of AD patients and found that APOE e4/e4 is associated with increased deposition of fibrin(ogen) in amyloid-laden vessels. These results support a link between the APOE e4/e4 genotype and increased thrombosis and/or impaired fibrinolysis in the AD brain. 
Tissue Preparation
Brain tissue was dissected from the frontal cortex at autopsy. Tissue was immediately fixed by immersion in 10% phosphate-buffered formalin. Tissue was then washed in distilled water, dehydrated through successive alcohol washes, cleared in butyl acetate, embedded in paraffin, and blocked out in a suitable mold. Tissue blocks were cut into 7-mm thick sections and mounted.
Immunohistochemistry
Slides were deparaffinzed and treated with proteinase K (Dako, Gostrup, Denmark) for antigen retrieval, washed in 0.05 mol/L Tris, and immersed in 3% H 2 O 2 in methanol for 30 minutes to quench endogenous peroxidase activity. For immunohistochemical staining of ApoE, slides were pretreated with 70% formic acid for 30 minutes. Before incubation with primary antibodies for 1 hour, slides were blocked with 0.1 mol/L Tris buffer containing 2% donkey/horse serum (DHS, 1:1). The following primary antibodies were used: rabbit anti-human fibrin(ogen) (Dako), mouse antioligomeric Ab (NAB61, kindly provided by Dr Virginia MY Lee, University of Pennsylvania), 32 and mouse anti-CD68 (Abcam, Cambridge, MA, USA). After washing in 0.1 mol/L Tris, slides were blocked with Tris/2% DHS and incubated with secondary antibodies: biotinylated anti-rabbit (Vector Laboratories, Burlingame, CA, USA), biotinylated anti-mouse (Vector Laboratories), or donkey anti-mouse Alexa 555 antibody (Life Technologies, Carlsbad, CA, USA) antibody for 1 hour. Subsequently, slides were washed in 0.1 mol/L Tris and developed with ImmPACT DAB (Vector Laboratories) according to the manufacturer's instructions. After washing in 0.1 mol/L Tris buffer, slides were co-stained with 1% Thioflavin S (SigmaAldrich, St Louis, MO, USA) in 70% ethanol, dehydrated in an ascending series of ethanol, and mounted using VectaMount medium (Vector Laboratories). To test for specificity of the immunohistochemical reactions, control sections were incubated with normal mouse or rabbit IgG serum instead of primary antibodies.
Microscopy and Quantitative Analyses
Thirty non-overlapping image fields per tissue slide sample were acquired at 20 Â magnification under a constant predefined light setting using an inverted Zeiss Axiovert 200 microscope (Zeiss, Thornwood, NY, USA). Cortical vessels X20 mm in diameter were included in the analyses, whereas leptomeningeal vessels were excluded. To quantify the number of cortical vessels positive for CAA, oligomeric Ab, or fibrin(ogen), a ratio of immunopositive vessels versus the total number of vessels analyzed was determined. Vessels regarded as fibrin(ogen)-positive showed intense immunoreactivity against fibrin(ogen) in the lumen, along the vessel wall, 
RESULTS

Increased Vascular Fibrin(ogen) Deposition in Alzheimer's Disease Brains
In all AD cases, regardless of APOE genotype or disease severity, we confirmed the presence of fibrin(ogen) deposition in the lumen, along the vessel wall, and in the tunica media of cortical vessels X20 mm ( Figure 1A ). Areas of diffuse parenchymal fibrin(ogen) immunoreactivity were also observed in association with larger vessels in AD brains. In line with previous findings, 12, 16 AD brains presented with significantly more fibrin(ogen)-positive vessels compared with ND brains (Figures 1A and 1B) . To determine if APOE genotype influences vascular fibrin(ogen) deposition, we compared the total number of fibrin(ogen)-positive vessels in the frontal cortex between the different APOE genotype groups. In ND brains, significantly more fibrin(ogen)-positive vessels were observed in the APOE e3/e3 group compared with the APOE e2/e3 group ( Figure 1C) . However, there was no significant difference in the number of fibrin(ogen)-positive vessels between AD cases of different APOE genotype ( Figure 1C) . Therefore, APOE genotype does not appear to influence the total number of fibrin(ogen)-positive vessels in the AD cerebrovasculature, though AD brains overall show significantly more fibrin(ogen)-positive vessels than ND brains. No significant association was found between the number of fibrin(ogen)-positive vessels and Braak stage or postmortem delay (data not shown). Figure 1) and increased severity of overall CAA (Table 1 ; Student's t-test, P ¼ 0.04, e2/e3 versus e4/e4, and P ¼ 0.01, e3/e3 versus e4/e4). This result is consistent with previous reports, 25, 26 and demonstrates that the APOE e4/e4 genotype is associated with elevated CAA severity in the AD brain.
To further examine the relationship between vascular fibrin (ogen) deposition, severity of CAA, and APOE genotype, regression analysis was performed. A significant correlation was observed between the number of fibrin(ogen)-positive vessels and CAA severity in the frontal cortex ( Figure 1D ; r 2 ¼ 0.31, ANOVA P ¼ 0.0004) and overall CAA severity (data not shown; r 2 ¼ 0.20, ANOVA P ¼ 0.006). However, multiple regression analysis did not reveal any correlation between number of fibrin(ogen)-positive vessels, CAA severity, and APOE genotype (data not shown).
Alzheimer's Disease Cases with the APOE e4/e4 Genotype Present with Increased Fibrin(ogen) Deposition Specifically in Cerebral Amyloid Angiopathy-and Oligomeric Ab-Positive Vessels ApoE has been shown to bind to all forms of Ab, including oligomers, in an isoform-dependent manner. 23 Therefore, we investigated whether there is a genotype-specific effect of APOE on vascular deposition of fibrin(ogen) in CAA-and oligomeric Ab-positive vessels in the AD brain. Significantly more vessels stained positive for both fibrin(ogen) and CAA ( Figure 2 ) and fibrin(ogen) and oligomeric Ab (Figure 3 ). No significant association was found between the number of fibrin(ogen) and CAA/oligomeric Ab double-positive vessels and Braak stage or postmortem delay (data not shown). To investigate whether the degree of vascular fibrin(ogen) deposition is influenced by APOE genotype in the AD brain, we determined the percentage of intraluminal fibrin(ogen) deposition in CAA-positive vessels ( Figure 4A) . A significantly larger intraluminal area showed immunoreactivity against fibrin(ogen) in AD cases with the APOE e4/e4 genotype compared with the APOE e2/e3 or e3/e3 genotype ( Figure 4B ).
Increased Cerebrovascular Atherosclerosis in Alzheimer's Disease Brains Atherosclerosis is associated with an increased risk of AD. 2, 5 Since atherosclerotic changes may influence vascular fibrin(ogen) deposition, the severity of cerebrovascular atherosclerosis was determined using two independent analyses: (1) quantification of the degree of atherosclerosis in cortical vessels using a marker for perivascular macrophage infiltration, e.g., CD68, 33 and (2) neuropathological scoring of atherosclerosis in the Circle of Willis arteries performed at the Joseph and Kathleen Price Bryan Brain Bank. A significant association was found between AD and severity of atherosclerosis in cortical vessels ( Figure 5 ) and in the Circle of Willis arteries (Table 1 ; Student's t-test, P ¼ 0.0005). However, no significant difference in severity of atherosclerosis in cortical vessels was observed between AD cases of different APOE genotype ( Figure 5 ). To further examine a possible relationship between vascular fibrin(ogen) deposition, severity of atherosclerosis, and APOE genotype in AD cases, multiple regression analysis was performed. No significant correlation was observed between the number of fibrin(ogen)-positive vessels, severity of atherosclerosis in cortical vessels, and APOE genotype (data not shown). 
DISCUSSION
The present study provides evidence that AD is associated with increased cerebrovascular deposition of fibrin(ogen) ( Figures 1A  and 1B) , and that fibrin(ogen) deposition is linked with CAA severity ( Figure 1D ). Our data also show that the AD APOE e4/e4 genotype is associated with an increased accumulation of fibrin(ogen), specifically in CAA-and oligomeric Ab-positive vessels (Figures 2-4) , and that this genotype-specific effect is not directly linked to CAA severity or cerebrovascular atherosclerosis ( Figure 5 ).
In line with the previous findings, 12, 16 we observed an increased deposition of fibrin(ogen) in cortical vessels of AD brains compared with ND brains. Vascular fibrin(ogen) deposits were localized both in the vascular lumen, along the vessel wall, and in the tunica media, which is indicative of hemostatic disturbances and structural damages to the cerebrovasculature. Indeed, evidence implies that AD is associated with altered hemostasis 34 and brain hypoperfusion, 7 which may result from various microvascular abnormalities including CAA, 8, 10 atherosclerosis, 2, 5 thickening of the basement membrane, 35 fibrinoid necrosis, 36 and disruption of the neurovascular integrity. 9 In the present study, a significant association was identified between CAA severity and fibrin(ogen) deposition, thus suggesting that the degree of CAA may influence the accumulation of fibrin(ogen) in the AD neurovasculature. On the contrary, the lack of association between severity of atherosclerosis and fibrin(ogen) deposition in AD cases indicates that atherosclerosis is not a major determinant of fibrin(ogen) accumulation. However, a more detailed analysis focusing on atherosclerotic changes would be useful in further defining a possible association between these variables. It also remains to be determined if accumulation of fibrin(ogen) in cerebral vessels is a result of increased CAA and/or if fibrin(ogen) itself can initiate and potentiate CAA pathology. We have previously demonstrated that fibrin(ogen), by its direct interaction with Ab, 17 influences cerebrovascular deposition of Ab, 12 and that fibrin clots formed in the presence of Ab are more resistant to degradation by fibrinolytic enzymes. 12, 18 Moreover, depletion of fibrin(ogen) reduces CAA pathology and cognitive impairment in transgenic mouse models of AD. Together, these data implicate fibrin(ogen) as a critical factor in the CAA pathology of AD.
On further investigation, we found an increased number of fibrin(ogen) and CAA/oligomeric Ab double-positive vessels in the brains of AD APOE e4/e4 cases, thus demonstrating a genotypespecific effect of APOE on cerebrovascular accumulation of fibrin(ogen). Although the AD APOE e4/e4 genotype has been associated with increased severity of CAA, [25] [26] [27] an association that was confirmed in the present study (Supplementary Figure 1) , our data does not directly link the APOE e4/e4 genotype-dependent effect on fibrin(ogen) deposition to severity of CAA or atherosclerosis. However, there may be other morphologic differences between CAA-positive vessels in AD APOE genotype groups that could explain the genotype-specific effect. An alternative explanation for this observed association is that the binding of Ab and fibrin(ogen) 12, 17 and thus the fibrin clot degradation process 12, 18 are differentially altered in the presence of ApoE isoforms. Evidence indicates that ApoE4 is less efficient than the other It is notable that the APOE e4 allele is associated with reduced blood flow in specific brain regions, including the prefrontal cortex, both in ND 38 and AD cases. 39 Due to the relative rarity of the APOE e4/e4 genotype among cognitively normal elderly individuals, a possible APOE genotype-specific effect on vascular fibrin(ogen) deposition in these individuals could not be tested in the present study. Additional studies regarding the relationship between APOE and cerebrovascular fibrin(ogen) deposition in vivo and in vitro would be of great interest.
In conclusion, our study further supports a role for fibrin(ogen) in AD pathogenesis and provides evidence for a relationship between the APOE e4/e4 genotype and increased deposition of fibrin(ogen) in the AD neurovasculature. Understanding the mechanism by which the different ApoE isoforms influence cerebrovascular health, thrombosis, and/or fibrinolysis will provide further insights into the pathophysiology of AD. 
